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Two ferrocene-isocoumarin conjugated molecules, Fc-Icm and BFc-PIcm, have 

been synthesized through the acid-prompted regioselective oxidative cyclization from 

the corresponding ferrocenylethynyl terephthalates. Their electronic structure, redox 

properties and UV−vis spectra are in good agreement with the DFT and TDDFT 

calculations. 
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Abstract 

Two ferrocene-isocoumarin conjugated molecules, methyl 3-ferrocenyl-1-oxo-1H- 

isochromene-6-carboxylate (Fc-Icm) and 3,8-bisferrocenylpyrano[3,4-g]isochromene 

-1,6-dione (BFc-PIcm), have been synthesized through the acid-prompted regioselective 

oxidative cyclization from dimethyl 2-(ferrocenylethynyl)terephthalate (Fc-TP) and dimethyl 

2,5-bis(ferrocenylethynyl)terephthalate (BFc-TP), respectively. Single-crystal X-ray diffraction, 

together with the density functional theory (DFT) calculations, shows that the 

ferrocene-isocoumarin conjugated compounds display better coplanarity than the corresponding 

ferrocenylethynyl terephthalates. All the compounds exhibit characteristic MLCT, ICT and π-π* 

transitions in the UV-visible range in solution, and Fc-Icm and BFc-PIcm show higher oscillator 

strength of the absorption compared with Fc-TP and BFc-TP, which are verified by 

time-dependent DFT (TDDFT) theoretical calculations. The electrochemical properties are 

studied by cyclic voltammetry (CV), which are also in accord with the theoretical calculations.  

 

Keywords: ferrocene, isocoumarin, conjugated molecule, electrochemical property, DFT and 

TDDFT theoretical calculation 
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Introduction 

Molecules with extending π-electron conjugated system are promising candidates for 

nanoscale devices and switches due to their unique properties in electrical, optical and magnetic 

fields, which have attracted wide attention and deep research in recent decades.1 Usually, 

functional building blocks, linkers bridging the building units, and the molecular geometry in the 

extending π-electron systems have prominent influence on the electrical and optical properties.2 

Therefore, the contriving of novel conjugated molecules are essential for investigating the 

electronic and optoelectronic properties of such materials and further improving the performance 

of these devices. 

Ferrocene substituents with unique redox properties are found to be potentially useful in 

generating semiconductor, superconductor, molecular sensors, light-harvesting assemblies, 

magnetic, NLO, and redox catalyst materials, etc,3 and they often serve as the building blocks in 

the construction of π-conjugated system.4 On the other hand, isocoumarin is a kind of conjugated 

heterocyclic compound with high coplanarity, its skeleton is found in a variety of natural 

products, and it is an important building unit in many biological and material molecules.5 

Isocoumarin derivatives show various biological and physiological activities, such as 

antibacterial, antifungal, anticancer, antidiabetic, phytotoxic, and protease inhibition activities.6 

Therefore, much attention has been paid to the relevant study on the biological study, and also 

some work are detailed on the regioselective construction of isocoumarins through different 

methods.7 Until now, most of the isocoumarin derivatives synthesized and studied are organic 

compounds, few examples have been accessed to the isocoumarin compounds containing 

organometallic units. Considering the remarkable properties of ferrocene and isocoumarin, and 

that both the electron-rich ferrocenyl unit (donor, D) and the electron-deficient isocoumarin ring 

(acceptor, A) are excellent molecular building blocks for the highly extending π-electron 

conjugations, new π-extending system containing both of them are attempted to synthesize. 

These D-A ferrocene-isocoumarin molecules, methyl 3-ferrocenyl-1-oxo-1H-isochromene 

-6-carboxylate (Fc-Icm) and 3,8-ferrocenylpyrano[3,4-g]isochromene-1,6-dione (BFc-PIcm), 

together with the intermediate products, dimethyl 2-(ferrocenylethynyl)terephthalate (Fc-TP) 

and dimethyl 2,5-bis(ferrocenylethynyl)terephthalate (BFc-TP), are shown in Scheme 1. The 

single-crystal and electronic structure, electronic and electrochemical properties of them are 

investigated. Detailed results and discussion are elaborated in the following sections. 
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Scheme 1. Synthetic procedure of Fc-Icm and BFc-PIcm. 

 

Experimental  

General  

All chemicals were purchased as reagent grade and used without further purification. 

Dichloromethane, triethylamine and toluene were dried and distilled according to standard 

procedures. Dimethyl 2-iodoterephthalate8 and dimethyl 2,5-diiodoterephthalate9 were prepared 

according to literature procedures. All of the reactions were monitored by TLC. Silica gel 

(100-200 mesh) was used for column chromatography. Elemental analyses (C, H) were carried 

out on a Perkin-Elmer 240 analyzer. The IR spectra were obtained on a VECTOR TM 22 

spectrometer with KBr pellets in the 4000-400 cm-1 region, the electronic absorption spectra 
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were carried out on a LAMBDA-35 UV/vis spectrophotometer, and 1H and 13C NMR spectra 

were measured on a Bruker DRX-500 spectrometer at 298 K using TMS as the internal standard. 

The MALDI-TOF-MS spectra were recorded on a Bruker Daltonics flexAnalysis autoflex 

TOF/TOF spectrometer using α-cyano-4-hydroxycinnamic acid (HCCA) as matrix. 

 

Synthesis of Fc-TP. Under an N2 atmosphere, a suspension of dimethyl 2-iodoterephthalate 

(0.320 g, 1.00 mmol) and ethynylferrocene (0.252 g, 1.20 mmol), together with bis 

(triphenylphosphine) palladium(II) dichloride (0.020 g, 0.014 mmol) and copper(I) iodide (0.009 

g, 0.05 mmol) in anhydrous triethylamine (10 mL), was stirred and heated to reflux temperature 

until complete consumption of the iodide (monitored by TLC). Then the solvent was evaporated 

under vacuum. The residue was dissolved in dichloromethane, washed with water for several 

times, dried with anhydrous MgSO4, and then filtered off. The product in the filtrate was 

chromatographed on silica gel using ethyl acetate−petroleum ether (1/6 v/v) as eluent. The 

second yellow band was collected and then evaporated under vacuum to give a yellow solid. 

Yield: 0.373 g (92.8 %). Crystals of Fc-TP suitable for an X-ray structural determination were 

obtained by slow evaporation of a mixed ethyl acetate-petroleum ether solution of Fc-TP. IR 

(KBr disk): 2220 cm-1 (νC≡C), 1722 cm-1 (νC=O). 1H NMR (500 MHz, CDCl3): δ (ppm) 8.23 (s, 

1H), 8.10 (s, 1H), 7.96 (s, 1H), 4.59 (s, 2H), 4.32 (s, 7H), 3.99 (s, 3H), 3.96 (s, 3H). 13C NMR 

(500 MHz, CDCl3): δ (ppm) 52.46 (CH3), 52.66 (CH3), 64.76 (Cp), 69.36 (Cp), 70.21 (Cp), 

71.79 (Cp), 83.90 (C≡C), 95.34 (C≡C), 124.83 (Ph), 127.90 (Ph), 129.68 (Ph), 130.53 (Ph), 

132.97 (Ph), 134.88 (Ph), 165.91 (C=O), 166.39 (C=O). Anal. Calcd for C22H18O4Fe : C, 65.69; 

H, 4.51. Found: C, 65.47; H, 4.54; MS: m/z 401.6 (M+) (calcd 402.06).  

 

Synthesis of Fc-Icm. Under an N2 atmosphere, trifluoromethane sulfonic acid (TfOH, 0.09 mL, 

1.00 mmol) was dropped slowly to a solution of Fc-TP (0.402 g, 1.00 mmol) in toluene (25 mL). 

During the dropping process, the reaction mixture was stirred and heated to reflux temperature 

until complete consumption of Fc-TP (monitored by TLC). Then the solvent was evaporated 

under vacuum until almost dried. After that, the residue was chromatographed on silica gel using 

ethyl acetate-petroleum ether (1/6 v/v) as eluent. The first orange-red band was collected and 

then evaporated under vacuum to give an orange-red solid. Yield: 0.348 g (84.7 %). Crystals of 

Fc-Icm suitable for an X-ray structural determination were obtained by slow evaporation of an 
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ethyl acetate-petroleum ether solution of Fc-Icm. IR (KBr disk): 1729 cm-1 (νC=O), 1640 cm-1 

(νC=C); 1H NMR (500 MHz, CDCl3): δ (ppm) 8.31 (d, J=10.0Hz, 1H), 8.06 (s, 1H), 8.03 (d, 

J=5.0Hz, 1H), 6.56 (s, 1H), 4.87 (s, 2H), 4.51 (s, 2H), 4.24 (s, 5H), 3.98 (s, 3H). 1C NMR (500 

MHz, CDCl3): δ (ppm) 52.81 (CH3), 66.65 (Cp), 70.12 (Cp), 70.62 (Cp), 76.49 (Cp), 99.35 (Icm), 

122.80 (Icm), 126.74 (Icm), 127.17 (Icm), 130.21 (Icm), 135.90 (Icm), 138.19 (Icm), 157.68 

(Icm), 161.99 (Icm), 166.05 (C=O). Anal. Calcd for C21H16O4Fe: C, 64.97; H, 4.15. Found: C, 

64.66; H, 4.46; MS: m/z 387.5 (M+) (calcd 388.04). 

 

Synthesis of BFc-TP. Under an N2 atmosphere, a suspension of dimethyl 2,5-diiodoterephthalate 

(0.446 g, 1.00 mmol) and ethynylferrocene (0.630 g, 3.00 mmol), together with 

bis(triphenylphosphine)palladium(II) dichloride (0.036 g, 0.05 mmol) and copper(I) iodide 

(0.009 g, 0.05 mmol) in anhydrous triethylamine (30 mL), was stirred and heated to reflux 

temperature until complete consumption of the iodide (monitored by TLC). Then the solvent was 

evaporated under vacuum. The residue was dissolved in dichloromethane and this solution was 

washed with water for several times, dried with anhydrous MgSO4. After filtration and 

concentration, the desired product BFc-TP was separated by column chromatography on silica 

gel using dichloromethane as eluent. Yield: 0.345 g (56.7 %). IR (KBr disk): 2210 cm-1 (νC≡C), 

1732 cm-1 (νC=O); 1H NMR (500 MHz, CDCl3): δ (ppm) 8.11 (s, 2H), 4.57 (s, 4H), 4.32 (s, 4H), 

4.31 (s, 10H), 4.00 (s, 6H). 13C NMR (500 MHz, CDCl3): δ (ppm) 52.59 (CH3), 64.77 (Cp), 

69.50 (Cp), 70.28 (Cp), 71.86 (Cp), 84.20 (C≡C), 96.79 (C≡C), 122.98 (Ph), 134.10 (Ph), 135.79 

(Ph), 165.94 (C=O). Anal. Calcd for C34H26O4Fe2: C, 66.92; H, 4.29. Found: C, 66.90; H, 4.32; 

MS: m/z 609.4 (M+) ( calcd 610.05). 

 

Synthesis of BFc-PIcm. Under an N2 atmosphere, trifluoromethane sulfonic acid (TfOH, 0.18 

mL, 2.00 mmol) was dropped slowly to a solution of BFc-TP (0.61 g, 1.00 mmol) in toluene (30 

mL). During the dropping process, the reaction mixture was stirred and heated to reflux 

temperature until complete consumption of BFc-TP (monitored by TLC). Then the solvent was 

evaporated under vacuum to dryness. After that, the residue was chromatographed on silica gel 

using dichloromethane as eluent. Yield: 0.124 g (21.3 %). IR (KBr disk): 1721 cm-1 (νC=O), 1633 

cm-1 (νC=C); 1H NMR (500 MHz, CDCl3): δ (ppm) 8.28 (s, 2H), 6.59 (s, 2H), 4.87 (s, 4H), 4.51 (s, 

4H), 4.24 (s, 10H). 13C NMR (500 MHz, CDCl3): δ (ppm) 66.95 (Cp), 70.64 (Cp), 71.20 (Cp), 
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99.47 (PIcm), 125.00 (PIcm), 126.90 (PIcm), 135.69 (PIcm), 156.86 (PIcm), 161.81 (PIcm).  

Anal. Calcd for C32H22O4Fe2: C, 66.01; H, 3.81. Found: C, 65.98; H, 3.84; MS: m/z 581.5 (M+) 

( calcd 582.02). 

 

Electrochemical measurements 

Cyclic voltammetric experiments were performed under nitrogen in dry and degassed CH2Cl2 

at a scan rate of 100 mV s-1 with a CHI 660B potentiostatic instrument at room temperature. The 

three-electrode cell comprises a 1 mm platinum-disk working electrode, a platinum-wire 

auxiliary electrode, and an Ag/Ag+ reference electrode. The electrolyte is n-Bu4NClO4 (0.1 mol 

L-1). The potentials were corrected to the internal standard of Fc/Fc+ in CH2Cl2. 

 

DFT and TDDFT calculations 

The ground-state geometries of all compounds were fully optimized using the density 

functional theory (DFT), with the B3LYP exchange-correlation functional10, 11 and LANL2DZ12 

basis sets. All calculations were carried out with the Gaussian 09 program.13 The time-dependent 

density functional theory (TDDFT) calculations of the excitation energies were then performed 

at the optimized geometries of the ground states. 

 

X-ray structural analysis 

Single crystal X-ray diffraction data were collected on a Bruker Smart Apex II CCD 

diffractionmeter at 291 K using graphite monochromated Mo/Kα radiation (λ=0.71073 Å). Data 

reductions and absorption corrections were performed with the SAINT and SADABS software 

packages,14 respectively. Structures were solved by a direct method using the SHELXL-97 

software package.15 The non-hydrogen atoms were anisotropically refined using the full-matrix 

least-squares method on F2. All hydrogen atoms were placed at the calculated positions and 

refined riding on the parent atoms. The crystallographic data for Fc-TP and Fc-Icm are listed in 

Table 1. The CCDC reference numbers for them are 1060479 and1060478, respectively. 
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Table 1 Summary of Crystallographic Data for Fc-TP and Fc-Icm 

 Fc-TP Fc-Icm 

Empirical formula C22H18FeO4 C21H16FeO4 

Formula weight 402.21 388.19 

Crystal system monoclinic triclinic 

Space group P21/c Pī 

a (Å) 12.984 (5) 6.9465 (11) 

b (Å) 7.585 (3) 11.1130 (18) 

c (Å) 19.439 (7) 11.4780 (19) 

α (º) 90 104.735 (3) 

β (º) 109.046 (7) 92.002 (3) 

γ (º) 90 99.764 (2) 

V(Å3) 1809.6 (12) 841.7 (2) 

Z 4 2 

ρ (g/cm3) 1.476 1.532 

µ (mm-1) 0.859 0.920 

θ range (º) 2.22-26.00 1.84-25.01 

GOFa 1.045 1.054 

R1
b , wR2

c[I>2σ(I)] 0.0477, 0.0857 0.0404, 0.1023 

R1 , wR2 (all data) 0.0651, 0.0881 0.0598, 0.1110 

aGOF = ∑[w(Fo
2−Fc

2)2]/(n−p)1/2, where n is the number of data and p is the number of 

parameters refined. 
b
R1 = ∑||F0|-|Fc|/∑|F0|; 

c
wR2 = {∑[w(F0

2-Fc
2)2]/∑[w(F0

2)2]}1/2. 

 

Results and discussion 

Synthesis and structural characterization 

  Scheme 1 describes the synthetic procedures and the structures of the main intermediates and 

the respective products. The target ferrocene-isocoumarin conjugated molecules Fc-Icm and 

BFc-Icm were synthesized from regioselective intramolecular cyclization of the corresponding 

ferrocenylethynyl terephthalates Fc-TP and BFc-TP in the presence of trifluoromethane sulfonic 
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acid (TfOH),7d which were synthesized by the Sonogashira cross-coupling reaction from 

ethynylferrocene with iodoterephthalate or diiodoterephthalate  using 

bis-(triphenylphosphine)palladium(II) and copper(I) iodide as catalysts and triethylamine as a 

base. All the compounds were fully characterized by IR, 1H NMR spectra, MS, and element 

analysis. All the results given in the experimental section were in good accordance with the 

proposed structures. For instance, from IR spectra, besides the characteristic -C=O- stretching 

vibrations around 1730 cm-1, the ferrocenylethynyl terephthalate intermediate compounds Fc-TP 

and BFc-TP also exhibit the characteristic -C≡C- stretching vibrations around 2200 cm-1, while 

the target ferrocene-isocoumarin conjugated molecules Fc-Icm and BFc-Icm display the 

characteristic -C=C- stretching vibrations around 1640 cm-1. And, in comparison the 1H NMR 

and 13C NMR spectra of the ferrocene-isocoumarin compounds with those of the corresponding 

ferrocenylethynyl terephthalates, it can be found that a new characteristic resonance band around 

6.6 ppm emerged in the 1H NMR spectra for the ferrocene-isocoumarin compounds, and the 

characteristic -C≡C- resonance peak in the range of 83-97 ppm disappeared in the 13C NMR 

spectra after intramolecular cyclization of the ferrocenylethynyl terephthalates, all above indicate 

the formation of the pyrano moiety upon cyclization of the aromatic carboxylate with the alkynyl 

group. Moreover, the MS and the analytical data also verify that the synthesized complexes are 

in agreement with the predicted molecular structures. Fortunately, good crystallographic data 

were obtained for compounds Fc-TP and Fc-Icm, further identifying the regiocontrolled 

intramolecular cyclization of ferrocenylethynyl terephthalates. The molecular structures of 

Fc-TP and Fc-Icm are shown in Fig. 1, and some selected bond lengths and angles are given in 

Table 2.  

Fc-TP crystallizes in the P21/c space group. The C≡C, C=O and C-O bond lengths are within 

the expected range (C11-C12 = 1.181Å, C19-O1 = 1.170Å, C21-O3 = 1.191 Å, C19-O2 = 1.302 

Å, C21-O4 = 1.326 Å), and the -C≡C- bond angle is nearly 180° (C1-C11-C12 = 179.7°, 

C11-C12-C13 = 175.0°). The two Cp rings of the ferrocenyl group are almost parallel to each 

other (the dihedral angle of Cp1 and Cp2 is only 1.0°). The phenyl ring (Ph) is nearly 

perpendicular to the adjacent Cp1 (the dihedral angle of Cp1 and Ph is 81.2°). Adjacent 

molecules in Fc-TP are stacked in an inverse fashion along the b axis, resulting in intramolecular 

(C6-H6···O2 = 3.336 Å) and intermolecular hydrogen bonds (C2-H2···O4 = 3.315 Å) in it, 

which can be clearly seen in Fig. S2 and Table S1. 
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Fig. 1 Crystal structure of (a) Fc-TP and (b) Fc-Icm with ellipsoids set at the 50% probability 

level. Hydrogen atoms are omitted for clarify. 

 

Table 2 Selected bond lengths (Å) and angles (o) for Fc-TP and Fc-Icm 

Fc-TP 

C1-C11 1.426 (45) C11-C12 1.181 (45) 

C12-C13 

C14-C19 

C19-O2 

C21-O4 

1.437 (44) 

1.488 (43) 

1.302 (39) 

1.326 (37) 

C13-C14 

C19-O1 

C21-O3 

1.400 (38) 

1.170 (54) 

1.191 (40) 

C1-C11-C12 179.7 (304) C11-C12-C13 175.0 (300) 

Fc-Icm 

C10-C11 1.464 (52) C11-C12 1.329 (54) 

C12-C13 

C14-C15 

C15-O2 

C20-O3 

C11-C12-C13 

C13-C14-C15 

O2-C11-C12 

C10-C11-C12 

1.444 (51) 

1.461 (54) 

1.380 (43) 

1.324 (47) 

120.4 (313) 

120.3 (313) 

121.8 (312) 

126.4 (316) 

C13-C14 

C15-O1 

C11-O2 

C20-O4 

C12-C13-C14 

C14-C15-O2 

C15-O2-C11 

 

1.393 (47) 

1.201 (43) 

1.379 (39) 

1.191 (51) 

118.4 (312) 

116.9 (283) 

122.3 (258) 

 

 

(a) (b) 
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Fc-Icm crystallizes in the Pī space group. As shown in Table 2, both the C=C and C-O bond 

lengths (C11-C12 = 1.330 Å, C11-O2 = 1.379 Å, C15-O2 = 1.380 Å) formed after 

intramolecular cyclization and the C-C-C, C-C-O and C-O-C bond angles (116.9∼122.3°) of the 

pyrano ring are within the expected range, clearly indicating the formation of the pyrano moiety. 

Two Cp rings in the ferrocenyl moiety are also nearly parallel to each other (the dihedral angle of 

them is 2.8°). The dihedral angle between benzo and pyrano ring is only 1.9°, thus the 

isocoumarin (Icm) skeleton could be regarded as coplanar. Besides, the dihedral angle between 

Icm and the adjacent Cp is only 10.6°, suggesting better coplanarity compared with Fc-TP. 

Strong offset π-π stacking interactions exist in Fc-Icm, with a centroid-to-centroid distance of 

3.657 Å (Fig. S3). Whereas, only one kind of intermolecular hydrogen bond (C2-H2···O4 = 

3.320 Å) is observed in Fc-Icm (Fig. S4), the relevant parameters are also listed in Table S1.  

 

 

BFc-TP 

 

BFc-PIcm 

Fig. 2 Optimized ground-state geometries of BFc-TP and BFc-PIcm with cis-structure as 

predicted by DFT calculations. 
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Since the crystal structures of BFc-TP and BFc-PIcm were not obtained, we turn to study the 

optimized ground-state geometries obtained by quantum chemical calculations. It is worth to 

mention that the data of the optimized ground-state geometry obtained by quantum chemical 

calculation are reasonably close to the single crystal data since we also get the calculated 

geometry data of Fc-TP and Fc-Icm using the same method, which can be clearly seen in Table 

S2. Moreover, it should be noted that both cis- and trans-structure maybe exist for the 

biferrocenyl compounds of BFc-TP and BFc-PIcm since the cis- and trans-form have 

approximate single-point energy from the DFT calculations (the single-point energy of 

cis-/trans-BFc-TP is -1858.67168412/-1858.67174410 a.u., of cis-/trans-BFc-PIcm is 

-1780.18358382/-1780.18350642 a.u.), and the molecular orbital energy and compositions of the 

two different forms are also very close. Only the results of cis-structure are given below (Fig. 2 

and Table 3). The DFT and TDDFT calculations of them with trans-form are given in the 

supporting information (Fig. S5-S7, Table S3-S7).  

 Some main bond lengths, bond angles and torsion angles of BFc-TP and BFc-PIcm with 

cis-form predicted by DFT calculations are shown in Table 3. In cis-BFc-TP, the -C≡C- bond 

length is 1.227 Å, a little longer than that in Fc-TP and the unconjugated molecules. The C−C 

bond length next to the ethynylene bond is 1.420 Å, a little shorter than the common C−C bond 

length. In addition, the -C≡C- bond angle almost displays linearity (C19-C20-C21, 176.4°；

C20-C21-C22, 176.9°), and the phenyl (Ph) ring and Cp ring are nearly coplanar, since the 

torsion angles between Ph and Cp are nearly 180°/0° (C27-C29-C47-C46, 177.8°; 

C27-C29-C47-C48, -3.0°; C11-C19-C22-C23, -179.7°; C11-C19-C22-C24, 0.6°), which is quite 

different from that in Fc-TP. Thus cis-BFc-TP has better coplanarity compared with Fc-TP. In 

cis-BFc-PIcm, the C=C bond length is 1.366 Å, similar with the normal bond length. The C−C 

bond linking the ferrocenyl and pyrano unit is 1.445 Å, a little shorter than the common C−C 

bond length. Just like those in Fc-Icm, the benzo ring and the two pyrazo rings in cis-BFc-PIcm 

are almost in the same plane (C43-C42-C41-C44, -179.9°; C45-C46-C47-C48, -180°), and the 

pyrano ring and the Cp ring can also be considered as coplanarity (C21-C60-C39-C40, 169.5°; 

C17-C59-C49-C50， -10.4°). So it is obvious that the π electrons in cis-BFc-TP and 

cis-BFc-PIcm will be delocalized. Similar results can be obtained for the trans-BFc-TP and 

trans-BFc-PIcm compounds from the torsion angles shown in Table S3. Moreover, there are 
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more conjugated units and a slightly better coplanarity in BFc-TP and BFc-PIcm, enabling 

better electronic coupling between Fc and Ph/Icm units and resulting in superior conjugated 

effect in the ground state of BFc-TP and BFc-PIcm, which can satisfactorily rationalize the 

experimental photo- and electrochemical properties detailed below. 

 

Table 3 Selected bond lengths (Å), angles (o) and torsion angles (o) of BFc-TP and BFc-PIcm 

with cis-form predicted by DFT calculations 

                            cis-BFc-TP 

C19-C20 1.418 C20-C21 1.227 

C21-C22 1.425 C29-C64 1.428 

C64-C65 1.227 C65-C47 1.420 

C19-C20-C21 176.4 C20-C21-C22 176.9 

C29-C64-C65 174.0 C64-C65-C47 178.3 

C27-C29-C47-C48 -3.0 C27-C29-C47-C46 177.8 

C11-C19-C22-C24 0.6 C11-C19-C22-C23 -179.7 

                           cis-BFc-PIcm 

C49-C59 1.455 C49-C50 1.366 

C46-C50 1.445 C39-C60 1.455 

C39-C40 1.366 C40-C41 1.445 

C21-C60-C39-C40 169.5 C43-C42-C41-C44 -179.9 

C45-C46-C47-C48 -180.0 C17-C59-C49-C50 -10.4 

 

Electronic properties 

The solution-phase UV-vis absorption spectra of all compounds were recorded at room 

temperature. The absorption spectra reported in Fig. 3 are dominated in the UV-visible region by 

absorption features at about 230-250, 300-360, 360-410 and 440-500 nm, which are given in 

Table 4. Generally, these bands can be assigned to π-π*, ICT (intramolecular charge transfer) 

and MLCT (metal-to-ligand charge transfer) transitions, mixed with some d–d character.16 The 

corresponding computational study will be discussed later and give a detailed band assignment. 

Page 14 of 25Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 14

 

Fig. 3 UV-vis absorption spectra of Fc-TP (blue), Fc-Icm (magenta), BFc-TP (black) and 

BFc-PIcm (red) in dichloromethane at room temperature. 

 

Table 4 UV-Vis absorption properties of Fc-TP, Fc-Icm, BFc-TP and BFc-PIcm in CH2Cl2 
 

Complex                         λmax (nm) (ε (104 M-1 cm-1)) 

Fc-TP 235 (3.30) 302 (1.13) 382 (0.17) 464 (0.11)  

Fc-Icm 246 (2.77) 311 (1.74) 357 (0.63) 445 (0.20)  

BFc-TP 225 (3.94) 247 (3.22) 336 (2.54) 408 (0.67) 473 (0.55) 

BFc-PIcm 247 (5.14) 358 (5.68) 372 (5.88) 483 (1.45)  

 

  From Fig. 3 and Table 4, together with the TDDFT data given below, it can be seen clearly 

that the π-π*, ICT and MLCT transitions of the biferrocenyl products BFc-TP and BFc-PIcm 

are bathochromically shifted compared with those of the monoferrocenyl compounds Fc-TP and 

Fc-Icm. Moreover, the oscillator strengths of all the bands of the biferrocenyl products are larger 

than those of the monoferrocenyl compounds, suggesting a higher probability for π-π* and CT 

(ICT and MLCT) transitions in BFc-TP and BFc-PIcm compared with Fc-TP and Fc-Icm 

respectively. All of these facts indicate a larger π-conjugative effect in BFc-TP and BFc-PIcm 

than Fc-TP and Fc-Icm. 

 

Electrochemistry 
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Fig. 4 Cyclic voltammograms of (a) Fc-TP (blue) and Fc-Icm (magenta) and (b) BFc-TP (black) 

and BFc-PIcm (red) in dichloromethane (20 °C, 1.0 mM of Fc-TP, Fc-Icm, BFc-TP and 

BFc-PIcm, 0.1 M TBAP, Pt disk as a working electrode, Ag/Ag+ as a reference electrode, and Pt 

wire as a counter electrode, scan rate 100 mV/s). 

 
Table 5 CV data of Fc-TP, Fc-Icm, BFc-TP and BFc-PIcm (vs Fc/Fc+) 
 

 E1/2 (V) Eonset (V) 

Fc-TP 0.146 0.070 

Fc-Icm 0.172 0.094 

 -2.036 -1.969 

BFc-TP 0.150 0.071 

BFc-PIcm 0.078 0.081 

 0.133  

 -1.910 -1.793 

 
The electrochemical behavior of all compounds was surveyed by cyclic voltammetry. Cyclic 

voltammograms for Fc-TP, Fc-Icm, BFc-TP and BFc-PIcm are shown in Fig. 4. Table 5 

presents a summary of the potential data for the observed redox couples. 

As shown in Fig. 4, monoferrcenyl compound Fc-TP exhibits one reversible redox wave at 

0.146 V vs Fc/Fc+ corresponding to the oxidation of ferrocenyl moiety, while Fc-Icm exhibits 

two redox waves, one reversible wave at 0.172 V vs Fc/Fc+ due to the oxidation of ferrocenyl 

unit, and the other quasi-reversible wave at -2.036 V vs Fc/Fc+ ascribing to the reduction of 

isocoumarin unit. All above can be supported by DFT calculations, since the orbital coefficient 
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in HOMO is predominantly ferrocenyl-centered and that in LUMO is isocoumarin-centered (vide 

infra). In comparison with the Eonset of Fc-TP and Fc-Icm, it is clearly seen that the oxidation 

process of Fc-Icm is anodic shifted to higher potential, this can be attributed not only to the 

stereoelectronic aspect but also to the π-conjugative effect. On the one hand, better coplanarity is 

found in Fc-Icm than in Fc-TP (vide supra), which favors the π-orbital overlap and the orbital 

mixing. On the other hand, the ring closure leads to a remarkable increase in the π-conjugative 

system.  

As for the biferrocenyl compound BFc-TP, only one redox process related to ferrocenyl 

moiety is observed (E1/2 = 0.150 V vs Fc/Fc+). But for BFc-PIcm, it exhibits two sequential 

irreversible waves at 0.078 and 0.133 V vs Fc/Fc+, which may correspond to the stepwise 

oxidation of the two ferrocenyl units. At negative potential, it also displays the 

isocoumarin-centered reduction process around -1.910 V vs Fc/Fc+. Similarly, from the potential 

of Eonset, it is clearly seen that the oxidation process of ferrocene-isocoumarin compond 

BFc-PIcm is also anodic shifted compared with BFc-TP, which could also be attributed to the 

π-conjugative effect. It is evident that BFc-PIcm is composed of more π-conjugative subunits 

and results in larger π-conjugative effect. Thus the stability of BFc-PIcm is better than that of 

BFc-TP. From the quantum-chemical calculations detailed below, the same result can also be 

obtained since BFc-PIcm has lower HOMO energy (vide infra). Therefore, the cyclization 

reaction results in weak electronic interactions between two ferrocenyl centers in BFc-PIcm and 

the more extending π-conjugated system may account for the anodic shift from BFc-TP to 

BFc-PIcm. 

 
Computational study  

In order to explain the difference in the UV-vis spectra as well as get insight into the 

electronic structures and the nature of all bands, DFT and TDDFT calculations were performed 

on the target compounds, which have been proven to provide reliable electronic structures, 

transition energies and intensities in a large variety of ferrocene derivatives.17 

The HOMO and LUMO in the ground states of Fc-TP, Fc-Icm, BFc-TP and BFc-PIcm are 

shown in Fig. 6, and the main frontier orbitals related to different transitions are shown in Fig. 

S7. Molecular orbital energies and contributions analyzed with Multiwfn,18,19 and vertical 

excitation energies of them, are detailed in Table S4 and S5, respectively. The TDDFT predicted 
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UV-vis spectra of them are given in Fig. S6, which are in quite accordance with the experimental 

spectra. In agreement with their electronic structures, TDDFT calculations suggest the energy 

bands are mainly dominated by ICT, MLCT and π-π* transitions, which are elaborated in Table 

S6.  

For all complexes, the calculated transitions qualitatively agree with the experimental ones. As 

for Fc-TP, the 464 nm band with a low value of ε corresponds to the transition calculated at 499 

nm with a low oscillator strength f. This band is dominated by HOMO→LUMO transition. 

According to the orbital characters of the corresponding starting and arriving states (Fig. 6 and 

Table S4), the HOMO is nearly Fe centered (76.41%), while the LUMO is predominately 

localized in the dimethyl terephthalate (TP) moiety (93.61%). The Fe characteristic HOMO and 

the TP characteristic LUMO indicate that this band bears a significant MLCT character. Another 

broad band appeared at 382 nm may be related to the calculated transition around 407 nm, which 

mainly originated from HOMO-2→LUMO. HOMO-2 is a ferrocenylethynyl centered orbital 

(86.83%), so this band is of ICT character. The intense 302 nm band may be related to four 

calculated bands around 338, 333, 329 and 295 nm (mainly 333 and 295nm), which mainly come 

from HOMO-5/HOMO-4→LUMO and HOMO/HOMO-1/HOMO-2→LUMO+1 transitions. 

From the involved orbital composition shown in Table S4, it is a mixed band with π-π*, MLCT 

and ICT character, which are detailed in Table S6. In addition, the most intense experimental 

band at 235 nm may correspond to the transitions calculated at 247 and 265 nm originating from 

HOMO-8→LUMO and HOMO-5/ HOMO-6→LUMO+1 MOs with strong oscillator strength, 

which is dominantly composed of several π-π* characteristic transitions. The percentage of each 

composition is clearly listed in Table S6. 

As for Fc-Icm, analogous results are obtained from a TDDFT study. The low broad band 

found at 445 nm belongs to a MLCT transition originating from HOMO→LUMO calculated at 

443 nm with low oscillator strength. The experimentally found band at 357 nm derives from two 

transitions with different features: 381 nm from HOMO-2→LUMO is of ICT character, and 337 

nm from HOMO→LUMO+1 and HOMO→LUMO+3 are of MLCT and d-d character, 

respectively. Similar to the 302 nm band of Fc-TP, the intense band of Fc-Icm found at 311 nm 

relevant to three calculated transitions around 309, 306 and 305 nm with larger oscillator 

strength is a mixed band composed of a set of different transitions (HOMO-3/HOMO-4→LUMO, 
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HOMO-2→LUMO+1) with π-π*, MLCT and ICT character. Moreover, the band found at 246 

nm is also mainly attributed to the π-π* transition (HOMO-7→LUMO) calculated around 253 

nm. The oscillator strength, composition and percentage of each transition are also given in 

Table S6. They are also in good agreement with the experimental results. 

As for the biferrocenyl compound BFc-TP, a little difference can be found in the composition 

of the frontier orbitals and the oscillator strength since more π-conjugated units exist in it. 

Compared with the monoferrocenyl compound Fc-TP and Fc-Icm, it is obvious that the HOMO 

and LUMO of BFc-TP are more delocalized between Fc, -C≡C- and Tp moieties, and all the 

bands display stronger oscillator strength as shown in Fig. 6, Table S4 and Table S6. As for the 

cis-BFc-TP, since only 50.16% of the HOMO’s orbital composition is dedicated by Fe atoms, 

HOMO extends beyond ferrocenyl moiety all over cis-BFc-TP, and LUMO is predominantly 

consist of π* bonding (-C≡C-, TP), so the broad band found at 473 nm ascribing to the 

calculated 472 nm transition (HOMO→LUMO) is not a typical MLCT characteristic band, it is 

more likely to be considered as an ICT transition because HOMO is predominantly located in Fc 

and -C≡C- moiety (86.60%, Table S4), while LUMO is nearly TP centered (78.76%, Table S4). 

The experimental found 408 nm band is also of ICT character relevant to the calculated 

transition at 413 nm (HOMO-4→LUMO), and the experimental 336 nm band may be relevant to 

two calculated transitions at 349 (HOMO→LUMO+1) and 328 nm (HOMO-2→LUMO+1), 

which are of ICT and MLCT character, respectively. It is worth to note that the calculated MLCT 

transition at 328 nm with a lower oscillator strength f may be obscured by the strong ICT 

transition around 349 nm with an intense oscillator strength. Moreover, the calculated transition 

at 262 nm, which predominantly consists of HOMO-15→LUMO and HOMO-10→LUMO+1 

π-π* transitions, and HOMO/HOMO-4→LUMO+5 d-d transitions, together with the calculated 

transition at 251 nm derived from HOMO-18→LUMO and HOMO-11→LUMO+4 with ICT and 

LMCT character, provides the major contribution to the experimental 247 nm. All the calculated 

results, including the oscillator strength, are excellently consistent with the experimental 

observations. Similarly results can be obtained for trans-BFc-TP, which can also be seen from 

Fig. S7, Table S4 and Table S6. 

Similarly, as for BFc-PIcm, three obvious bands (483, 372, 358 nm) are observed in the 

300-600 nm region of the UV-vis absorption spectra, they can be attributed to ICT transitions 
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relevant to the calculated transitions at 475 (HOMO→LUMO) and 402 (HOMO-4/HOMO→

LUMO+1), 379 (HOMO/HOMO-4→LUMO+1) and 354 nm (HOMO-4→LUMO+1, HOMO→

LUMO+5), respectively. At lower wavelength, the experimental 247 nm band consists of 

transitions calculated around 254 and 245 nm mainly with π-π*, LMCT and d-d character, which 

are elaborated in Table S6. Just as those discussed in BFc-TP, the calculated absorption bands in 

BFc-PIcm are also in good agreement with the experimental results. 

 

   

 

    

 

    

 

    

Fig. 6 HOMO (left) and LUMO (right) orbitals in the optimized ground-state structure of (a) 

Fc-TP, (b) Fc-Icm, (c) cis-BFc-TP and (d) trans-BFc-PIcm. 

(a) 

(b) 

(c) 

(d) 
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  The calculated HOMO and LUMO energy levels of Fc-TP, Fc-Icm, BFc-TP and BFc-PIcm 

are listed in Table 6. The slightly higher HOMO energy levels of Fc-TP and BFc-TP compared 

with Fc-Icm and BFc-PIcm indicates that Fc-TP and BFc-TP are a little easier to lose electrons. 

These results are in good accordance with the experimental redox potentials. Therefore, the DFT 

calculations predict the experimentally observed trends in the redox properties of these 

compounds very well. 

 

Table 6 Calculated DFT Energy Levels of Frontier Orbitals (eV) of Fc-TP, Fc-Icm, BFc-TP 

and BFc-PIcm. 

Compound HOMO LUMO 

Fc-TP -5.43402 -2.48853 

Fc-Icm -5.77456 -2.53694 

cis-BFc-TP 

trans-BFc-TP 

-5.43891 

-5.43701 

-2.48146 

-2.48064 

cis-BFc-PIcm 

trans-BFc-PIcm 

-5.68154 

-5.67882 

-2.64520 

-2.64357 

 

Conclusion 

  Two conjugative ferrocene-isocoumarin molecules Fc-Icm and BFc-PIcm are successfully 

prepared through acid catalytic intramolecular cyclization reactions from the corresponding 

ferrocenylethynyl terephthalates Fc-TP and BFc-TP. Single-crystal X-ray diffraction studies 

indicate the coplanarity of the two building blocks in Fc-Icm (Fc and ICM) is better than Fc-TP 

(Fc and Ph), and DFT calculations show that better coplanarity also exists in BFc-TP and 

BFc-PIcm. MLCT, ICT and π-π* absorption bands are found in the UV-vis spectra of all 

compounds, and the transitions of BFc-TP and BFc-PIcm are bathochromically shifted with 

larger oscillator strengths compared with Fc-TP and Fc-Icm. Electrochemical studies show that 

both Fc-TP and BFc-TP have only one reversible oxidation potential related to the ferrocenyl 

moiety, while Fc-Icm and BFc-PIcm undergo quasi/ir-reversible reduction process ascribing to 

the isocoumarin moiety besides the oxidation related to the ferrocenyl unit. Moreover, DFT and 
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TDDFT calculations are excellently consistent with the experimental data and clearly reflect the 

transition attributions and redox properties. 
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